Two-stage hepatocarcinogenesis models in rats are useful in identifying tumor-promoting activity of chemicals by stereologic quantification of altered hepatocellular foci (1, 2) . In addition, chemically induced cell proliferation may play a critical role in the development of cancer, especially for chemicals that appear to act by nongenotoxic mechanisms (3-6). 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), a hepatocarcinogen in female rats (7, 8) , is generally regarded as a nongenotoxic carcinogen (9-11) and has been identified as a potent tumor promoter in two-stage rat liver tumor models with negligible tumor-initiating potential (12) (13) (14) . Most risk assessments for estimating human health risks from TCDD exposure are derived from tumor incidence data in female rat liver (15) .
Two-stage hepatocarcinogenesis models in rats are useful in identifying tumor-promoting activity of chemicals by stereologic quantification of altered hepatocellular foci (1, 2) . In addition, chemically induced cell proliferation may play a critical role in the development of cancer, especially for chemicals that appear to act by nongenotoxic mechanisms (3-6). 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), a hepatocarcinogen in female rats (7, 8) , is generally regarded as a nongenotoxic carcinogen (9) (10) (11) and has been identified as a potent tumor promoter in two-stage rat liver tumor models with negligible tumor-initiating potential (12) (13) (14) . Most risk assessments for estimating human health risks from TCDD exposure are derived from tumor incidence data in female rat liver (15) .
Although mechanisms for the carcinogenic activity of TCDD and its structural analogs are unknown, many toxic and biochemical effects of TCDD appear to require the Ah receptor, including effects on signal transduction pathways possibly involving epidermal growth factor receptor (16, 17) and estrogen receptor (18, 19) . Induction of liver tumors in female rats treated with TCDD is associated with enhanced hepatocyte proliferation and is modulated by ovarian hormones (20) . Because cell proliferation may play a role in the carcinogenic process and because evaluation of altered hepatic foci (AHF) is useful in identifying hepatocarcinogens, information on dose-response relationships for these effects within the framework of a two-stage model for hepatocarcinogenesis may provide essential information for estimating cancer risks from dioxin exposure.
Unfortunately, there is no information in the literature on dose-response relationships for TCDD's effects on cell proliferation either in hepatocytes or within AHF, although stereological measures of enzyme-altered foci have been reported (12) . However, there is considerable data on dose-response relationships for induction of two cytochrome P450 isozymes (CYPlAl and 1A2) in rat liver (9, (21) (22) (23) . Although the mechanistic link between P450 induction and cell proliferation or cancer is not readily apparent, we have compared dose-response relationships for these different endpoints to evaluate relative sensitivities for various responses to TCDD within the framework of a tumor promotion model.
In the present studies, we used a twostage model for hepatocarcinogenesis in female Sprague-Dawley rats to determine the dose response of TCDD promotion, as measured by histologic and biochemical parameters, after initiation with a single dose of diethylnitrosamine (DEN). After 30 weeks of TCDD treatment, several parameters were assessed including histopathology, AHF positive for the placental isozyme of glutathione S-transferase (PGST), hepatocyte proliferation, and liver TCDD concentrations. We evaluated dose-response relationships on the basis of both administered dose and target tissue dose of total (free plus bound) TCDD. Furthermore, dose-response relationships for PGST+ foci and hepatocyte proliferation were compared to those for CYPTlAl and CYP1A2 induction in the same livers to determine if enzyme induction is correlated with effects on cell proliferation and size and number of PGST+ foci. In addition, we compared cell proliferation rates in focal lesions to those in normal hepatocytes to assess TCDD's effects on selective growth enhancement of putative precursors of neoplastic lesions. These studies revealed that there was considerable interindividual variation in TCDD's effects on hepatocyte proliferation, various parameters of PGST+ foci, and histomorphologic alterations. It appears that these biological responses occur at higher TCDD exposures than previously reported for CYPlAI and CYP1A2 induction in rat liver (22) .
Materials and Methods
Female Sprague-Dawley rats, used because of a previous carcinogenicity bioassay (7) and liver tumor promotion studies (12, 24) (24) . We weighed the liver at necropsy and froze representative samples of the left and right median, left lateral, and right posterior lobes in liquid nitrogen or fixed them in 10% formalin for routine hematoxylin and eosin staining and histopathologic evaluation using published diagnostic criteria (25) . A section of duodenum was also saved and embedded along with the fixed liver sections as a positive control for the cell proliferation studies. Histologic sections of liver were stained for PGST using an immunohistochemical procedure (26) . A minimum of eight contiguous PGST+ hepatocytes was required for a PGST+ focus to be scored. Foci were quantified using computer-assisted image analysis (NIH Image V3.8 for the Macintosh by W. Rasband, NIH) and subjected to stereological analysis as described previously (27, 28) . We estimated the number and size of AHF in H&E-stained sections and the relative degree of toxicity based on a semiquantitative grading scale (see Table 3 for details).
Immediately before euthanizing the rats, blood was collected under carbon dioxide anesthesia by cardiac puncture using a 20-gauge needle and a 10-ml syringe. Blood was transferred to prelabeled serum separator tubes without anticoagulant, and sera were harvested from the clotted blood within Labeling indices determined from slides stained immunohistochemically for proliferating cell nuclear antigen (PCNA) (30, 31) and counterstained with H&E were evaluated in 10-12 AHF from rats given DEN followed by corn oil or one of the TCDD treatment regimens. Positive staining was evaluated in 90-100% of the hepatocytes in each focal transection according to previously published criteria (30, 31) . All foci evaluated were clearly discernible and were randomly selected as representative medium-sized, clear-cell AHF (0.3-1.25 mm in diameter) as measured using a calibrated eyepiece reticule.
We calculated a PCNA S-phase labeling index plus a growth fraction (the proportion of cells in GI, S-phase, G2, and mitosis combined) for each AHF evaluated. We analyzed 1-g samples of liver for TCDD concentrations by GC-MS as previously reported (20) .
Results

Body and Liver Weight
At the end of the study, body weight gain was statistically significantly lower than controls in the noninitiated group that received 125 ng TCDD/kg body weight/ day. There was a nonsignificant treatmentrelated decreased trend in body weight in initiated rats (p = 0.18) and a significant decrease in body weight in the noninitiated rats (p = 0.004). Data are presented in Table 1 and illustrated in Figure 1 . A continuous mathematical model was fit to these data to give an indication of TCDDinduced changes in overall body weight. A model which fit the data well is:
where W4t,a) is the expected weight of an animal exposed to dose level d of TCDD (ng/kg/day) at day t, C is the expected weight at the start of the experiment, and There was a statistically significant effect of TCDD and initiation on absolute liver weight. This trend was obvious in the DEN initiated rats, but less notable in the saline-treated rats. When liver weight relative to body weight was analyzed, the effect of initiation disappeared and the TCDD dose response became apparent and effectively equal in the initiated and noninitiated groups. Relative liver weight was statistically increased over controls in rats treated with > 10.7 ng TCDD/kg body weight/day in the initiated animals and in rats treated with 2 35.7 ng TCDD/kg body weight/day in the noninitiated animals. The ratio of liver weight to body weight can also be modeled using a simple form given by: Table  1 and individual rat LIs are given in Table  3 . For all rats initiated with DEN, BrdU+ S-phase nuclei were randomly distributed throughout the hepatic lobules. In contrast, there was a periportal distribution of BrdU+ S-phase nuclei in several noninitiated TCDD-treated rats (Table 3) . Overall, there was a statistically significant increased trend in LI as a function of dose of TCDD with an interaction between TCDD and DEN. This trend suggests dose dependency, but the results when compared to the controls are not statistically significant. The trend in increasing LI was stronger in initiated rats than in noninitiated rats. There was a statistically significant decrease in LI in the low-dose group of initiated rats. This may be a reflection of the increased LI in DEN-treated control rats; an increase which is marginally significant (p = 0.07) compared to the noninitiated controls.
The variability in LIs between rats within a given dose group increased as the dose of TCDD was increased and was especially evident in the 125 ng/kg dose group, where there were rats with a clearly elevated LI and other rats which were not different from controls (Fig. 3) . This variability was also evident when individual rat LIs were plotted against the liver concentration of TCDD (Fig. 4) 0  2  0  1  0  1  0  1  0  2  0  2  0  3  0  2  0  2  0  1  0  3  1  3  2  3  0  2  0  3  1  2  0   1  0  0  2  3  0  0  1  1  0  3  1  1  0  3  0  2  0  2  0  3  0  2  2  1  3  0  3  2  3  3  3  3  3   3  3  2  3  3  2  3  4   3  2  3  2  3  2  3  2  3  4 Saline/3. bAltered hepatic focus response on hematoxylin & eosin stained sections: 0 = no foci; 1 = a few foci; 2 = moderate number of foci; 3 = many foci. CToxicity: Severity grades range from 0 = no toxicity to 6 = most severe toxicity observed. Toxicity characterized by cytoplasmic vacuolization, fatty change, bile duct hyperplasia, and/or pigment in Kupffer cells. AHF (32) . In rats, enzyme histochemical staining for the placental form of glutathione S-transferase is considered a reliable marker for preneoplastic lesions of hepatocytes (33) . Enhancement of AHF in such initiation-promotion models could be considered a reflection of tumor promotion (34, 35) , as hepatic tumor promoters are known to accelerate the appearance of AHF (1) and are able to increase the number and/or size of AHF at a given time interval (34, 36) .
As has been previously demonstrated (20) , initiation with a necrogenic dose of DEN followed by treatment with 125 ng TCDD/kg body weight/day resulted in development of PGST+ foci. of putative preneoplastic foci was evident from the significant dose-related increase in PGST+ AHF in the TCDD-treated rats as well as increased size and number of AHF noted in H&E-stained sections. Similar to previous results, few PGST+ or H&E-stained AHF were present in the TCDD-only treated groups. The increases in number of AHF in initiated rats and in noninitiated rats (less the high dose group) combined with the strong interaction term between TCDD and DEN suggest a complex effect of TCDD. Previous studies (22, 37, 38 ) examined dose-response relationships for TCDDmediated induction of cytochrome P450 isozymes (CYPlAl and CYP1A2) within the framework of the same liver tumor promotion model described in the present paper. The conclusion, based on both experimental data and biologically based mathematical models for TCDD's effects on gene expression, was that there appears to be a linear relationship between administered dose, liver TCDD concentrations, and cytochrome P450 induction, even in the low dose region used in this study. Therefore, growth and number of preneoplastic lesions appears to occur at a higher dose of TCDD than CYPlAI or CYP1A2 induction and/or the methods for quantifying putative preneoplastic lesions are inherently less sensitive than are the methods used to quantify cytochrome P450 isozymes. CYPlAI and 1A2 induction represents a much simpler response, whereas AHF induction takes significantly longer and reflects a more complicated process. This complexity of response for AHF could account for the discrepancy in dose responsiveness when compared to CYPlAl and 1A2.
There was evidence of cytotoxicity in TCDD-treated groups as supported by histopathological changes, increase in relative liver weight, and alterations in serum clinical chemistry. The morphological evidence of hepatotoxicity was present in all TCDD-treated groups and was more marked in the higher dose groups. In general, hepatocytes were enlarged and vacuolated, without an obvious lobular pattern in the distribution of these changes. The morphological findings are supported by the dose-related increases in relative liver weight and by dose-related alterations in clinical chemistry measurements. Changes in serum cholesterol, AP, and 5'-Nuc are generally reflective of cholestatic changes, whereas changes in SDH and ALT are generally reflective of perturbations in hepatocyte membrane integrity and leakage of these enzymes into the blood. The increases in serum glucose in the noninitiated groups treated with TCDD may reflect perturbation in glucose mobilization in the Volume 101, Number 7, December 1993 evidence of cytotoxicity was also generally supported by the dose-related increase in the rate of replicative DNA synthesis in non-AHF areas of the liver, although there was not a high correlation between LI and toxicity for individual rats. The increased BrdU S-phase LI in DEN-initiated rats versus noninitiated rats may be a consequence of DEN treatment selecting a population of hepatocytes with higher replicative DNA synthesis than those typically present in noninitiated rats.
In the present study, measures of hepatocellular proliferative activity within putative preneoplastic AHF were estimated in DEN-initiated rats by immunohistochemical staining of PCNA. This permitted an estimate of both S-phase hepatocytes within AHF and also the proportion of focus cells active in the cell cycle (growth fraction). Neither of these parameters was significantly influenced by TCDD treatment, suggesting that TCDD does not markedly alter baseline proliferative rates within AHF. Because TCDD does provide a selective growth advantage for AHF as evidenced by increased size of PGST+ AHF ( 
Second, immunolocalization of hepatic
CYPlAl and CYP1A2 induction revealed that induction occurs primarily in the centrilobular region (22) , whereas our data reveal that cell proliferation in response to TCDD occurred randomly or, in some noninitiated rats, preferentially in the periportal region. Consistent with our evidence on the disassociation between toxic responses and P450 enzyme induction is a recent report by Clark et al. (24) which showed that dexamethasone and tumor necrosis factor a blocked the lethal effects of TCDD without effect on the magnitude of P450 enzyme induction. There was considerable heterogeneity in the cell proliferative responses as well as in AHF development among individual rats within each TCDD-treated group. For example, in the 125 ng TCDD/kg/day DEN-initiated group, approximately half of the rats exhibited markedly elevated LI (18-30%), whereas the other half were only slightly higher than controls (5-10%; Fig. 3 ). This difference was not correlated with differences in hepatic TCDD concentration, nor was it correlated with the magnitude of CYPlAl or CYP1A2 induction or histologic evidence of cytotoxicity. Sim mately half (40%) the rats at a dose of 100 ng TCDD/kg/day developed hepatocellular neoplasms (2) . Any differences in AHF response variability in the present study versus a similar previous initiation-promotion study (12, 13) may be a reflection of differences in the initiation protocols. Although the mechanisms responsible for interindividual differences in TCDDmediated increases in replicative DNA synthesis rates and AHF formation are not clear, there are some hints that signal transduction events associated with growth factor pathways may be playing a role. For example, TCDD does not induce cell proliferation nor modulate epidermal growth factor receptor actions in ovariectomized rats, whereas significant changes in these parameters are evident in intact female rats (20, 24) . These findings suggest that TCDD and estrogens can act together to generate a mitogenic signal, a hypothesis that is supported by a recent study which demonstrated that TCDD and estrogens are co-mitogens in rat hepatocyte cultures (39) .
Data presented in this report attempt to clarify the shape of the dose-response curve for TCDD-mediated increases in cell proliferation and PGST+ foci of cellular alteration within the framework of a rat liver tumor promotion model. Previous studies have demonstrated that TCDD is a potent promoter in two-stage models for liver (40) and skin (41) cancer and that chronic TCDD exposure enhances cell proliferation rates in hepatocytes of female rats (206. While an increase in cell proliferation as estimated by LI was noted in the DEN-initiated rats promoted with 125 ng of TCDD/kg/day, there was a decrease in LI in the 3.5 ng of TCDD/kg/day promoted group, suggesting inhibition of cell proliferation at this low dose. Inhibition of AHF formation at low doses ofTCDD has been previous noted (12) and has also been reported for phenobarbital promotion in the rat (42) . This is the first suggestion that a similar phenomenon may be occurring with respect to cell proliferation.
The dose range used in our studies is consistent with the doses given in chronic bioassays for carcinogenicity of TCDD (approximately 1-100 ng/kg/day) (7, 8) . Previous studies in our laboratory demonstrated that few liver tumors develop after 30 weeks of TCDD promotion (100 ng/kg/day) of DEN-initiated rats (22) . However, after 60 weeks, approximately 50% of the female rats eventually developed tumors (both hepatocellular adenomas and carcinomas) (24) . Data presented here are consistent with a previous study (7) which showed that exposure of rats to 100 ng/kg/day for 30 weeks produced increases in cell proliferation rates and enzyme-altered foci. We extended that finding by evaluating cell proliferation rates and foci of cellular alteration following lower chronic dosing with TCDD. Results indicate that increases in PGST+ foci (mean volume and the proportion of liver occupied by foci) and the LI were statistically significant only at a dose greater than 100 ng/kg/day. Likewise, Pitot et al. (12) have shown that significant increases in the volume of liver occupied by enzymealtered foci were not detected at doses less than 100 ng TCDD/kg/day compared to controls.
Taken together, these and our previous studies (22, 24) demonstrate that doseresponse relationships for TCDD's effects on cell proliferation and growth of AHF are different from those for effects on P450 gene expression. This finding is consistent with the conclusion that different biological or biochemical responses requiring the same receptor (Ah receptor) and the same ligand (TCDD or its structural analogs) may exhibit different dose-response relationships. Thus, the shape of the dose-response curve for receptor-mediated carcinogens may not be predicted solely on the basis that a response is receptor mediated.
